Unlike other branched organs, the mammary gland undergoes most of its branching during adolescent rather than embryonic development. Its morphogenesis begins in utero, pauses between birth and puberty, and resumes in response to ovarian estrogens to form an open ductal tree that eventually fills the entire mammary fat pad of the young female adult. Importantly, this "open" architecture leaves room during pregnancy for the organ to develop milk-producing alveoli like leaves on otherwise bare branches. Thereafter, the ducts serve to deliver the milk that is produced throughout lactation. The hormonal cues that elicit these various phases of mammary development utilize local signaling cascades and reciprocal stromal-epithelial interactions to orchestrate the tissue reorganization, differentiation and specific activities that define each phase. Fortunately, the mammary gland is rather amenable to experimental inquiry and, as a result, we have a fair, although incomplete, understanding of the mechanisms that control its development. This review discusses our current sense and understanding of those mechanisms as they pertain to mammary branching, with the caveat that many more aspects are still waiting to be solved.
Introduction
The mammary gland-the one structure that distinguishes mammals from all other animalsaccomplishes its unique task of producing and delivering adequate amounts of milk from mother to newborn in part by forming an extensive network of branched ducts (Sternlicht, 2006) . This strategy of forming a branched system in order to pack a large epithelial surface area into an otherwise limited tissue volume is clearly not unique to the mammary gland. Rather, it is seen throughout biology. Broadly speaking, the development of any branched organ entails a number of discrete stages. These include the initial specification, formation, and in-growth of its so-called "anlage," the initiation and outgrowth of its earliest rudimentary branches, the spatial organization of the organ through iterative branching and tissue remodeling events, the formation of a continuous hollow lumen, and the functional differentiation of its proximal and terminal elements (Affolter et al., 2003) . Many of the key mechanisms that underlie these processes appear to be conserved among all branched organs, from the trachea and air sacs of insects to the lungs, kidneys, and salivary glands of higher organisms. However, tissue-specific mechanisms must also apply, as all of these organs clearly differ in form and function. Thus both common and unique mechanisms govern branching morphogenesis and its outcome in each particular setting. Some of these mechanisms are well or partly understood; others are not. Our aim here is to address these mechanisms as they pertain to normal mammary branching, with the understanding that some may be bypassed, corrupted, or hijacked during the development and progression of certain diseases, most notably cancer.
In mice, mammary development begins shortly after mid-gestation with the specification of two bi-lateral epidermal ridges-or "milk lines"-that run from forelimb to hindlimb on each side of the animal (Veltmaat et al., 2003; Hens and Wysolmerski, 2005) . Five pairs of diskshaped placodes then segregate along these lines at the site of each future nipple and grow into the underlying mesenchyme to form a bulb-shaped bud that represents the primary mammary rudiment or "anlage." Once this epithelial bud penetrates the mammary mesenchyme, it enters a cluster of preadipocytes that eventually becomes the mammary fat pad. It then branches 1 0-20 times to form a rudimentary ductal tree that occupies a minor portion of the overall fat pad at birth. The nascent gland then enters a period of relative quiescence during which it increases in size just enough to keep pace with normal body growth until puberty, when its branching morphogenesis truly takes off. In response to the onset of ovarian stimulation, multicellular club-shaped terminal end buds (TEBs) form at the ends of the ducts and penetrate further into the fat pad as the ducts elongate (Hinck and Silberstein, 2005) . New "primary" ducts continue to form by bifurcation and perhaps also trifurcation of the TEBs. Meanwhile, "secondary" branches sprout laterally from the trailing primary ducts until the fat pad becomes filled by an extensive network of branched ducts (Fig. 1) . Thereafter, short "tertiary" sidebranches form in response to cyclic ovarian stimulation, further filling out the mature mammary tree, and alveolar structures develop at the ends of the tertiary branches. However, the mechanisms that regulate alveolar development and differentiation are distinct from those that regulate ductal development (Oakes et al., 2006) .
Mammary development in humans is slightly different from that seen in rodents. The mammary milk-lines form earlier in human embryos (i.e., during the first trimester) and generally give rise to only one pair of mammary placodes (Howard and Gusterson, 2000) . Also, rather than forming a single ductal tree, each human anlage forms several trees that coalesce at the nipple. Here there is also a conspicuous absence of surrounding hair pegs, suggesting the lateral inhibition of these structures by the nipple. In addition, fetal exposure to maternal hormones results in a low level of secretory activity and colostrum production by the mammary gland in the late-term human fetus and newborn infant, a phenomenon that does not occur in rodents. Once these endocrine influences subside, the human infant breast undergoes menopausal-like involution and the residual ductal structures enter a fairly quiescent allometric growth phase that lasts until puberty. Another major difference between humans and mice is that in the latter species, the male mammary rudiment is destroyed on or near gestational day 14 in response to androgen-dependent condensation of the surrounding mammary mesenchyme (Kratochwil and Schwartz, 1976) . By contrast, in humans, breast development in males and females remains indistinguishable until puberty. Thereafter, the female human breast undergoes robust branching, terminal duct lobular unit (TDLU) formation and stromal expansion, whereas the male breast remains quiescent but capable of further development (e.g., in gynecomastia) or even malignant conversion. Perhaps most importantly, however, the ducts and TDLU of the human breast are ultimately surrounded by a dense, fibroblastic interlobular and loose intralobular stroma that is far more pronounced than the scant periductal fibrous, but otherwise adipose-rich mammary stroma of rodents.
Mammary branching may thus be separated into embryonic, adolescent, and adult phases, each of which is differentially regulated. Adolescent branching, for instance, requires growth hormone (GH), estrogen, and estrogen receptor α (ERα); adult tertiary side-branching, on the other hand, requires progesterone and its receptor (PR); and embryonic branching apparently proceeds without any hormonal requirement at all, as it occurs normally in the absence of either ERα, ERβ, PR, or the receptors for GH or prolactin (Bocchinfuso et al., 2000; Curtis Hewitt et al., 2000) . Branching is also co-ordinated by local bi-directional crosstalk between the developing duct epithelium and nearby stromal cells (Fig. 2) . For instance, in vivo transplantation studies show that embryonic mammary epithelium forms salivary gland-like structures if it is recombined with salivary gland mesenchyme and then grafted under the renal capsule of a host mouse (Sakakura et al., 1976) . However, even though the mammary epithelium exhibits a salivary branching pattern, it retains its ability to produce milk proteins in response to pituitary prolactin. On the other hand, when 8.5 day embryonic Rathke's pouch (prospective pituitary) epithelium is recombined with salivary mesenchyme and transplanted under the renal capsule of a host mouse, it apparently forms salivary-like structures that possess differentiated (α-amylase-positive) salivary acini (Kusakabe et al., 1985) . Likewise, 13-day embryonic mouse skin epithelium forms functional (milk producing) mammary ducts and alveoli if it is grown in vivo within mammary mesenchyme (Cunha et al., 1995) . Thus, under certain circumstances, mesenchymal cues can control both the branching pattern and the differentiation of the epithelium. In fact, even non-mammalian chick and duck epidermis, which normally forms feathers, instead becomes branched mammary glandular tissue if it is grown within rabbit mammary mesenchyme, thus not only highlighting the dominant instructive nature of the mesenchyme, but also giving new meaning to the term "chicken breast" (Propper and Gomot, 1973) .
In addition, not only is the embryonic mammary mesenchyme instructive, so too is the adult mammary stroma. In one study, for instance, mammary epithelium from a mouse strain that characteristically has highly branched mammary glands were recombined with adult fat pads of a strain that has poorly branched glands, and vice versa (Naylor and Ormandy, 2002) . When the re-combined glands were transplanted to immune-compromised host mice, their branching pattern reflected the genetic background of the mammary stroma in which they were grown rather than that of the donor epithelium or host mouse. Thus, stromal rather than epithelial or systemic factors are responsible for the different adult mammary side-branching patterns that distinguish different strains of mice. Moreover, xeno-transplantation studies suggest that human breast epithelial cells will only form functional ductal, lobular, and acinar structures when transplanted to chimeric "humanized" fat pads that contain human breast fibroblasts (Kuperwasser et al., 2004) or within collagen gels that contain normal human or mouse mammary fibroblasts (Parmar et al., 2002) . These data support the notion that stromal factors also regulate human breast development. Indeed, although some species-specific differences undoubtedly exist, many of the basic mechanisms that control mammary development are probably conserved among all mammals. Thus, this review outlines our basic understanding of the initial endocrine stimuli and local molecular interactions that regulate mammary branching in rodents as a model for mammary morphogenesis in general. In addition, we compare and contrast the mechanisms that govern mammary branching with those that govern the development of other branched organs in order to obtain a better understanding of the fundamental mechanisms that control branching morphogenesis itself.
Pattern formation in the mammary gland and other organs
The initial appearance of murine mammary placodes is an orderly process-beginning with thoracic pair 3, followed by pairs 4 (abdominal), 5 (inguinal), 1 (cervical), and then 2 (upper thoracic) (Veltmaat et al., 2003) . In addition, the two thoracic pairs tend to be more highly branched than all others in newborn mice, while the inguinal pair tends to be least developed. However, any branching patterns that form thereafter are highly variable and stochastic. In fact, even embryonic branching patterns differ from one gland to another. In contrast, the branching program of another organ system, the embryonic lung, is highly stereotyped in terms of when, where and along which axis-specific branches arise, suggesting that its primary branching routine and subroutines are genetically "hard-wired" (Metzger and Krasnow, 1999) . Likewise, branching of the Drosophila tracheal system is initially highly stereotyped, while its terminal branching pattern varies as it depends not on hard-wired signaling events but on local oxygen levels in the surrounding tissue. So what dictates the ductal patternstochastic as it may be-of any particular mammary gland? One appealing possibility is that, in the face of local driving forces, the spacing between adjacent branches depends on inhibitor gradients that are generated by neighboring ducts to insure their relative isolation from one another. Such intrinsic negative controls would tend to produce and maintain an open ductal architecture. Therefore, the path of a particular branch may simply depend, in part, on where its prior neighbors happened to settle. In addition, less sophisticated mechanisms may also contribute. For instance, the approximately planar nature of most branching events in the mouse mammary gland may simply reflect the constraints of the stromal space within which they develop. Consequently, a very different branching pattern might emerge if they had a larger three-dimensional (3-D) volume in which to develop. In addition, the non-homogeneous nature of the mammary stroma itself may provide alternative paths of greater or lesser resistance or attractiveness along which the branches may prefer to grow.
Much of our understanding of the modes of branching that occur during mammary development -the primary bifurcation of TEBs and lateral sprouting of secondary and tertiary brancheshas been deduced from "end-point" analysis of glands viewed at one instant in time rather than from direct continuous observation of the branching events themselves. Thus, the detailed cellular dynamics of TEB bifurcation and side-branching are still unclear. For instance, do the cells at the leading edge of a TEB roll inward to form an initial furrow that cleaves the TEB into two or do they bulge outward on each side of a belt of cells that has become stabilized or obstructed? In contrast to our lack of knowledge concerning the cellular behaviors that take place during mammary gland branching, time-lapse imaging of embryonic kidney cultures in which the epithelium is labeled with green-fluorescent protein (GFP) has provided novel insights (Watanabe and Costantini, 2004) . In this setting, ~ 75% of the renal tubular branches are formed by symmetric or asymmetric bifurcation of the tips (ampullae) of the renal tubules and ~ 7% are formed by lateral branching. The remaining 18% or so, however, are formed by trifurcation, a process in which an ampulla simultaneously branches in three separate directions. However, had it not been witnessed by time-lapse imaging, this process might have been mistaken for two independent bifurcation events. Whether similar trifurcation events occur with any regularity during mammary development is still unclear, although some still images from instantaneously collected glands suggest that they may.
Array-based expression proffling has identified transcripts of numerous genes that are specifically enriched in TEBs and their immediate adjacent stroma as well as ~ 200 other genes that appear to be primarily or exclusively expressed in the more proximal ducts (H. KourosMehr and Z. Werb, unpublished results). Thus, another unresolved question concerns the respective fates of cells located in TEBs and ducts. That is, how much do these two morphologically and molecularly distinct entities-ducts and TEBs-contribute to the formation of new branches? One possibility is that the ducts alone give rise to the entire ductal tree from behind as they push the bifurcating and invading TEBs onward. Alternatively, the TEBs alone may give rise to the trailing ducts-a scenario supported by the observation that most of the proliferation in the developing gland occurs within the TEBs. Or, finally, the TEBs and ducts may both contribute to each new primary branch.
While it is not yet clear which scenario actually occurs during mammary development, recent analyses provide insight into what occurs during the development of another branched system, the kidney collecting system . Branching of the ureteric bud that goes on to form this system requires that soluble glial-derived neurotrophic factor (Gdnf) from the metanephric mesenchyme bind to the receptor tyrosine kinase Ret and its co-receptor Gfrα1, both of which are exclusively expressed on the tip cells of the renal ampullae. To explore this requirement further, Shakya et al. (2005) generated chimeric kidneys by injecting ES cells lacking Ret into normal blastocysts. In these embryos, the tubular trunks contained GFPexpressing mutant cells, as they neither express nor require Ret, whereas the mutant cells were excluded from the ampullae, where Ret is required. Therefore, the fates of cells in the ampullae and trunks could be monitored by time-lapse microscopy. The result: the ampullae branched and gave rise to the trailing tubular trunks, and the trunks actively elongated and provided cells to each new branch. Thus, both the tips and the trunks contribute to each new branch. Whether mammary TEBs and ducts behave in a similar manner and each contribute to the developing ductal tree, however, remains to be seen.
Global executives: endocrine directors of mammary branching
Of all the cues that regulate mammary development, one set-long ago recognized to be hormonal-directs all others. Indeed, ovariectomy and hypophysectomy experiments show that ovarian and pituitary hormones are absolutely essential for post-pubertal mammary development. So which hormones are involved? Notably, exogenous estrogens can rescue mammary development in ovariectomized mice (Daniel et al., 1987) , implying that ovarian estrogens act as an essential "on-switch." But just as a light switch fails to function in the absence of electricity, estrogens alone cannot rescue mammary development in hypophysectomized animals (Kleinberg et al., 2000) . They can, however, restore TEB and duct development in rats that have been both hypophy-sectomized and ovariectomized if GH or insulin-like growth factor-1 (Igf1) is also provided (Kleinberg et al., 2000) . By contrast, the administration of estrogen plus pituitary prolactin does not rescue their development. This implies that GH is the master pituitary hormone-or electricity-that is lost in hypophysectomized animals, and further suggests that its effects are elicited through Igf1. In support of this idea, adolescent mammary development is also impaired in mice lacking GH receptor (Gallego et al., 2001 ), Igf1 (Kleinberg et al., 2000) , ERα (Curtis or the aromatase that is responsible for estrogen biosynthesis (Fisher et al., 1998) . On the other hand, it occurs normally in mice lacking ERβ, PR or prolactin receptor (Curtis , thus confirming the importance of GH, Igf1, ovarian estrogens and their respective receptors in post-pubertal branching morphogenesis. Now consider the position of Igf1 in this cascade. As Igf1 rescues ductal development in hypophysectomized (GH-deficient) animals, yet excess GH and estrogen fail to rescue the development of Igf1-null glands, locally produced Igf1 probably acts downstream of GH and/ or estrogen (Kleinberg et al., 2000) . The importance of locally produced rather than systemic Igf1 is further supported by the observation that mammary branching proceeds normally in mice with a liver-specific deletion of Igf1 that causes a 75% reduction in circulating-but not mammary-specific-Igf1 expression (Richards et al., 2004) . By contrast, branching is significantly diminished in mutant mice with a global reduction in both systemic and local Igf1 production. Igf1 receptor (Igf1r) deficient mammary transplants also show significantly reduced growth potential in surgically cleared (i.e., epithelium-free) wild-type fat pads (Bonnette and Hadsell, 2001 ). This suggests that Igf1r is required in the epithelium, as it was otherwise present in the host fat pads. On the other hand, similar experiments show that the GH receptor is specifically required in the stroma (Gallego et al., 2001) . Moreover, GH induces Igf1 and ER expression in epithelium-free fat pads, the induction of Igf1 by GH is enhanced by estradiol, and only GH-treated glands express stromal ER, further indicating that GH regulates mammary development through its stromal receptor (Kleinberg et al., 2000) . Taken together, these data support a model in which pituitary GH, which is already present before the pubertal surge in ovarian estrogens, acts via its receptor on mammary stromal cells to elicit the expression of stromal Igf1, which then interacts with its receptor on mammary epithelial cells to stimulate TEB formation and epithelial branching in a paracrine manner.
Moreover, the data indicate that ovarian estrogens act in concert with GH and IGF1 to stimulate mammary branching. However, data concerning precisely where ERα is required have been rather conflicted. Initial embryonic tissue recombination studies suggested that ERα was only required in the stroma (Cunha et al., 1997) , whereas adult tissue transplants suggested that it was needed in both the stroma and the epithelium (Mueller et al., 2002) . More recent data, however, indicate that these prior studies were compromised by incomplete inactivation of ERα and suggest that it is only required for normal mammary development within the epithelium and not within the mammary stroma (Mallepell et al., 2006) . Nevertheless, ERα-null mammary epithelial cells can still contribute to all portions of the developing mammary tree if they are rescued by nearby wild-type cells, thus indicating that ERα affects mammary development in a non-cell-autonomous paracrine manner.
Although estrogens can induce PR expression, and although progesterone can enhance the ability of Igf1 to stimulate mammary ductal morphogenesis in ovariectomized Igf1-null mice (Ruan et al., 2005) , the lack of ductal development in ERα-null mice is probably not because of diminished PR function. Indeed, ablation of the PR gene that encodes both PR isoforms PR-A and PR-B has no effect on adolescent ductal development (Soyal et al., 2002) . However, this does not necessarily preclude the possibility that progesterone still influences primary and secondary branching in a non-essential manner. In either case, the absence of both PR-A and PR-B does block tertiary side-branching and lobuloalveolar development in adult mice and in pregnancy. Moreover, the selective ablation of PR-B suggests that it alone is necessary and sufficient to elicit tertiary branching. Tissue localization and recombination data also indicate that epithelial rather than stromal PRs stimulate lobuloalveolar development, although stromal PR-B may play a role in tertiary branching (Humphreys et al., 1997; Brisken et al., 1998) . So how does PR activation affect tertiary branching? Notably, Wnt4 is also required for tertiary side-branching and it is regulated by progesterone, suggesting that it acts downstream of PR (Brisken et al., 2000) . However, the consequences of its absence fade in late pregnancy, suggesting that other parallel pathways also participate. Indeed, receptor activator of NFκB (Rank) ligand may also contribute, as it too is regulated by progesterone (Conneely et al., 2003) . Moreover, pregnancy-associated alveolar development is impaired in null mutant mice that harbor mutations in the NFκB activator IκB kinase-α as well as in mice that lack Rank or its ligand (Fata et al., 2000) . Otherwise, the precise mechanisms by which progesterone regulates tertiary branching are not yet clear.
Local branch managers

Regulators of embryonic branching
Although some mechanisms may only affect the formation of the embryonic mammary tree, others may only affect its postnatal development, and still others may affect both its pre-and post-natal development. However, the postnatal role of those signaling pathways that are essential for initial mammary development may be difficult to ascertain if, in their absence, the embryonic mammary rudiment fails to form in the first place. For instance, mammary buds form in mice lacking the estrogen-regulated homeobox transcription factor, Msx2, but fail to undergo any further embryonic branching, thus concealing any role Msx2 may have later on (Hens and Wysolmerski, 2005) . Likewise, instructive paracrine crosstalk between parathyroid hormone-related protein (PTHrP) from the embryonic mammary bud epithelium and its receptor PTHR1 on adjacent mesenchymal cells is required for forming the mammary-specific mesenchyme, which in turn is required to form a rudimentary ductal tree (Hens and Wysolmerski, 2005) . Thus, it is unclear whether PTHrP participates in subsequent branching steps, although gain-of-function data suggest that it does. Specifically, the overexpression of PTHrP during adolescent development slows ductal elongation by increasing apoptosis in TEBs and its overexpression during embryogenesis diminishes ductal branching later in life, although the mechanism is unknown (Dunbar et al., 2001 ).
Embryonic mammary glands are also arrested at the bud stage in mice that lack the transcription factor LEF1 that lies downstream of the canonical (i.e., β-catenin-dependent) Wnt signaling cascade, and mammary buds fail to form at all in transgenic mice that express the diffusible Wnt inhibitor Dickkopf-1 under the control of an epidermal keratin14 gene promoter (Hens and Wysolmerski, 2005) . Confounding matters further, the genetic absence of a number of individual Wnt genes results in early embryonic lethality. Thus, once again, any understanding of Wnt signaling at later times is compromised by requirements earlier in development. Nevertheless, Wnts have been shown to participate in the branching of other tissues, such as kidney; their transgenic and virus-mediated overexpression influences mammary branching; and mammary-targeted expression of an inhibitory form of a Wnt receptor that blocks both canonical and non-canonical Wnt signaling delays adolescent ductal development (A.M.C. Brown, Weill Medical College, personal communication). This suggests that at least one canonical and/or non-canonical Wnt signaling pathway plays a role in post-pubertal mammary development.
Compelling data also indicate that fibroblast growth factor (Fgf) signaling plays a pivotal role in the development of most, if not all, branched systems. Nevertheless, its role in mammary development remains obscure in part because of an early requirement for Fgf signaling in embryonic placode formation. Specifically, four of the five different murine placode pairs fail to appear at all in the absence of either Fgf receptor 2-IIIb (Fgfr2b) or its ligand, Fgf10 (Veltmaat et al., 2003) . The only pair that does develop is the abdominal (#4) placode pair, which develops normally until embryonic day E16 in the absence of Fgf10 and which forms, but regresses at ~ E12 in the absence of Fgfr2b. Interestingly, Fgfr2b is expressed in the nascent placode epithelium at E11, whereas Fgf10 is expressed at E10.5 not in the underlying mesenchyme but in the somitederived dermatomyotome. This suggests that Fgf10 acts indirectly, for example by inducing the expression of yet another Fgfr2b ligand. Indeed, Fgf7 is expressed in the early mammary mesenchyme, yet no mammary phenotype has been reported in its absence. Regardless of how Fgfs initiate mammary development, however, the fact that they are indispensable early on complicates efforts to understand what else they do during later development. For this reason, we have used Cre-mediated mosaic analysis and have found that epithelial Fgfr2 is indeed required within TEBs for proper ductal development following puberty (P. Lu, G.R. Martin and Z. Werb, unpublished results).
The broad systemic or embryonic lethal effects of ablating a given gene may also obscure its local role in both embryonic and adolescent branching, although the latter can often be addressed using various transplantation techniques. Unraveling the role of a particular molecule in embryonic branching may be more problematic, however, if it has other pleiotropic effects. For example, branching of the embryonic mammary tree was significantly impaired in a recent analysis of mice that lack either the a disintegrin metalloproteinase 17 (Adam17) or the epidermal growth factor (Egf) receptor (Egfr/ErbB1), yet a prior examination of Egfr-null neonates revealed no such impairment (Sternlicht et al., 2005) . There are several possible mechanisms that may account for the observed delay in embryonic branching. For example, it may reflect the generalized runting that results from Egfr or Adam17 ablation, or strain-specific genetic background effects, or a lack of local Adam17-Egfr signaling, or a combination of these different mechanisms. However, although the role of Adam17 and Egfr in embryonic mammary development remains unclear, their role in post-pubertal mammary development has been addressed by mammary gland rescue, as we now discuss.
Receptor tyrosine kinases in mammary branching
Egfr is a receptor tyrosine kinase that activates multiple intracellular pathways that are often associated with cell proliferation and survival. Its activity is elicited when it binds one of seven EGF-related ligands and then dimerizes with another Egfr monomer or one of three related receptors-ErbB2, ErbB3, or ErbB4. Notably, exogenous Egfr ligands rescue ductal development in both ovariectomized (Coleman et al., 1988) and ERα-deficient mice (Kenney et al., 2003) , and exogenous estradiol elicits Egfr activation in ovariectomized mice (Sebastian et al., 1998) , suggesting that Egfr promotes mammary branching downstream of ERα. Although several Egfr ligands can promote mammary development if given exogenously, amphiregulin (Areg) is the only one that is up-regulated at puberty, when its expression is strongly induced by estrogens. Moreover, Areg is the only EGFR agonist that is absolutely required for mammary development, as ductal outgrowth is impaired in Areg-null mutant mice, but not in mice lacking one or more alternative Egfr ligands (e.g., Egf and transforming growth factor α (Tgfα) or heparin-binding Egf-like growth factor and betacellulin) (Luetteke et al., 1999; Sternlicht et al., 2005) . Thus, rather than forming a competent ductal tree that fills the entire fat pad, Areg-deficient mice form what could be called an inadequate bush-a small ductal outgrowth of insufficient size to nourish pups.
Egfr is also required for mammary branching, but only in the stroma, whereas its critical ligand, Areg, is exclusively expressed and solely required in the epithelium (Coleman et al., 1988; Sebastian et al., 1998; Luetteke et al., 1999; Sternlicht et al., 2005) . In other words, Areg is only expressed on mammary epithelial cells, yet it has to bind and activate Egfr on nearbybut separate-stromal cells. Moreover, Areg is expressed as a transmembrane precursor. So, for Areg to activate adjacent stromal cells, it has to be shed from the epithelial cell surface. Notably, the transmembrane metalloproteinase Adam17 (Tnfα converting enzyme (TACE)) can release Areg and other Egfr ligands from cells in culture. In addition, Adam17-null mice resemble Egfr-null mice in many ways, including their perinatal lethality and the failure of their mammary glands to develop when transplanted to viable hosts (Sternlicht et al., 2005) . In addition, as recombination experiments show, Adam17 is only required in the same epithelial location as its putative substrate, Areg. Which makes sense, as one would generally expect a cell surface enzyme and its cell surface substrate to be required on the same cell surface. Indeed, Egfr activation (i.e., its phosphorylation) only occurs when Adam17 and Areg are present on mammary epithelial cells and Egfr is present in the stroma, whereas Egfr activation proceeds normally in the absence of stromal Adam17, stromal Areg or epithelial Egfr. And most notably, local Areg administration rescues the development of Adam17-null transplants, firmly establishing that it acts downstream of Adam17-i.e., as its substrate. Thus, Adam17 plays a critical role in the epithelial-stromal crosstalk that regulates mammary development by liberating an essential cell surface ligand (Areg) that is solely expressed on epithelial cells so that it can activate its receptor (Egfr) on nearby stromal cells.
So what lies upstream of this paracrine interaction? Undoubtedly, the potent induction of Areg by ovarian estrogens is involved. However, it is not yet clear how else this pathway is regulated. Like Areg-deficient mammary glands, Adam17-deficient glands fail to catch up with wild-type glands over time and thus never fill their fat pads, indicating that other related enzymes are unable to compensate for its absence. However, unlike Areg, which is essential for mammary development, in part, because it is the only Egfr ligand that is expressed at the right time, place and amount in vivo, many Adams and other enzymes that can process Egfr ligands are strongly expressed during mammary development. What this means then, is that either Adam17 is the only physiologic "sheddase" for Areg, that it is independently regulated as compared with these other enzymes, or that it is both independently regulated and the only enzyme that can process Areg in the mammary gland. It is significant that the only endogenous inhibitor of Adam17-tissue inhibitor of metalloproteinases 3 (Timp3)-is specifically down-regulated in invading TEBs (but not in trailing ducts), whereas Timp1 is specifically up-regulated in the TEBs (Sternlicht et al., 2005) . This inverse regulation of Timp1 and Timp3 would tend to de-constrain Adam17 in TEBs and thus foster the processing of Areg in a functionally appropriate location while simultaneously limiting the activity of other Timp1-inhibitable enzymes. It is also possible-indeed, likely-that other inputs control the local activity of Adam17. For instance, G-protein-coupled receptors, integrin α 5 β 1 and the cytoplasmic accessory protein Eve1/Sh3d19 can each influence the Adam17-mediated processing of EGFR ligands in culture. Still, the precise physiologic inputs that regulate Adam17 activity during mammary development-or during any other in vivo process for that matter-are not yet known.
Nor do we know what lies downstream of Egfr. We do know, however, that TIMP1 inhibits mammary branching both in culture and in vivo, even though it does not inhibit Adam17 (Wiseman et al., 2003) . This means that at least one other metalloproteinase must be involved in mammary development. And as metal-loproteinase inhibitors block branching in culture in response to Egfr agonists, they are probably inhibiting enzymes that act downstream of Egfr. In contrast, the lack of Adam17 does not preclude branching in response to exogenous Egfr agonists, as Adam17 acts upstream of Egfr. In addition, Egfr activation can stimulate the expression of MMP2/gelatinase-A as well as its activator MMP14/MT1-MMP in other systems, including the developing lung, where the Egfr-dependent induction of MMP14 and the resulting activation of MMP2 have been shown to regulate branching morphogenesis (Kheradmand et al., 2002) . In the mammary gland, moreover, in vivo data indicate that MMP2 promotes ductal elongation, while MMP3/stromelysin-1, which may or may not be linked to Egfr signaling, promotes side-branching (Wiseman et al., 2003) . Moreover, MMP14 promotes mammary ductal development by activating and collaborating with MMP2 to degrade type I collagen (M. Egeblad, M.D. Sternlicht, B.S. Wiseman and Z. Werb, unpublished results). MMP14 is also the only collagenolytic MMP that is not inhibited by Timp1, which is specifically up-regulated in and around TEBs, whereas MMP14 is inhibited by Timp3, which is specifically down-regulated in the same location. And as further evidence that MMP14 acts downstream of EGFR, MMP14 expression is specifically induced in the presumably activated stromal cells that sit immediately in front of the invading TEBs, and re-combination studies suggest that MMP14 is only required in the stromal compartment (M.D. Sternlicht and Z. Werb, unpublished results). Thus, it seems that one of the critical consequences of Egfr activation in mammary development is the induction of stromal MMP14.
In addition, Fgfr signaling may regulate mammary branching in response to Egfr or in parallel with it. This idea is supported by the observation that Fgf2 and Fgf7 elicit the growth and branching of Egfr-null mammary organoids in culture (Sternlicht et al., 2005) , whereas Egfr agonists and Fgfs fail to support the growth of organoids lacking Fgf receptor 2 (Fgfr2) (Lu et al., 2005) . As indicated in the prior section, Fgfr2b is expressed on mammary epithelial cells and, together with stromal Fgf10, is required for forming embryonic mammary placodes (Hens and Wysolmerski, 2005) . In addition, mammary-targeted conditional ablation of Fgfr2 causes a severe delay in adolescent ductal development (Lu et al., 2005) . Furthermore, analysis of the mosaic glands obtained due to incomplete ablation of Fgfr2 in all cells reveals that epithelia without Fgfr2 are eliminated from the ducts that do develop, suggesting that they are at a selective disadvantage compared with wild-type cells and/or that Fgfr2 is required in a cellautonomous way. On the other hand, no mammary phenotype has been described in Fgf7-deficient mice, possibly due to compensatory mechanisms, and it remains unclear whether other FGF receptors or receptor isoforms are involved.
In addition, stromal Fgfs and their epithelial receptors play key roles in vertebrate lung, salivary gland, and kidney branching as well as in patterning of the Drosophila tracheal system, suggesting that similar mechanisms may also influence mammary branching (Affolter et al., 2003) . For instance, primary lung buds fail to form in the absence of mesenchymal Fgf10 or epithelial Fgfr2, and renal tubular branching is significantly reduced in the absence of epithelial Fgfr2. Moreover, function-perturbing Fgfr2 antibodies suppress submandibular gland branching (Steinberg et al., 2005) and even Fgf10 haploinsufficiency inhibits normal lacrimal and salivary gland branching, suggesting that the precise levels of local ligand concentration are extremely important (Entesarian et al., 2005) . Considerable evidence also suggests that a major role of Fgf signaling is to affect cell migration through chemotaxis, although it may also affect cell proliferation. For instance, Fgf10-soaked beads promote both proliferation and epithelial cell migration toward the source of Fgf in embryonic lung cultures-effects that are blocked by the Tgfβ superfamily member BMP4 (Weaver et al., 2000) , thus suggesting growth factor interplay in establishing the branching pattern.
Similar mechanisms appear to be at play in Drosophila tracheal development. In flies, the stereotyped tracheal branching pattern is determined by Branchless (Bnl/Fgf), which is expressed by distinct cell clusters adjacent to the tracheal epithelia, and by its cognate receptor Breathless (Btl/Fgfr), which resides on the epithelium (Affolter et al., 2003) . By activating Btl/ Fgfr, Bnl/Fgf acts as an external chemoattractant, thereby providing guidance and patterning information. Interestingly, however, once the lead cell of a tracheal branch is determined based on its having bound more of the available Bnl/Fgf than its neighbors, it becomes the only cell in that branch that requires Bnl/Fgf (Ghabrial and Krasnow, 2006) . That is, the trailing cells are able to follow the lead cell in a Bnl/Fgf-independent manner. However, contrary to what occurs during mammary branching, tracheal branching in the fly occurs after cell proliferation has ceased. In contrast, branching outgrowth of the fly air sac involves both proliferation and migration. In this setting, Btl/Fgfr signaling again directs the migration of the air sac tip, whereas Egfr signaling is required for cell proliferation and survival (Cabernard and Affolter, 2005) . However, both pathways require Ras and mitogen-activated protein kinase (MAPK) function, thus raising the dilemma of how they carry out their distinct roles while using the same intracellular pathways. Part of the answer to this dilemma seems to involve their differential activation of MAPK, which is more highly activated by Fgf signals in cells of the leading edge. Another contributing mechanism appears to be the recruitment of distinct cofactors that initiate independent downstream events.
Although similar Fgfr-mediated migratory and Egfr-mediated proliferation and survival signals could also conceivably apply to mammary development, other aspects appear to differ. Thus in the mammary gland, Egfr and Fgfr2 may carry out their separate functions in part because they are required on different cell types and in part because Fgfr2 may act downstream of Egfr in a reciprocal paracrine cascade. It is also possible that stromal Egfr signals initiate multiple independent pathways-for instance, Fgf-mediated guidance cues, MMP14-mediated path clearing and signaling cues, and other cues that promote cell division and cell survival. However, not only is this or any other bi-directional interaction still speculative, but it remains unclear what intracellular pathways Egfr and Fgfr activate to carry out their effects or even what their specific effects in the mammary gland are. Indeed, similar predicaments exist in other branched systems. For instance, inhibition of intracellular PI3 kinase signaling blocks both tubular elongation and branching in kidney organ cultures , whereas the inhibition of MAPK activity affects renal tubular branching but not elongation, suggesting that the two processes are differentially regulated (Watanabe and Costantini, 2004) . Given its central importance in multiple receptor-mediated pathways, Erk/MAPK signaling is almost certainly involved in mammary branching in one way or another, and yet the combined absence of Areg, Egf, and Tgfα has no apparent effect on either proliferation, apoptosis or Erk activation within mammary TEBs in vivo, even though their absence clearly inhibits mammary development (Luetteke et al., 1999) . Thus, unraveling precisely how a central cell-signaling component like MAPK contributes to branching or any other in vivo process seems particularly daunting when that component almost certainly has numerous critical roles.
Evidence also indicates that the potential EGFR partner, ErbB2, a related but ligand-less transmembrane tyrosine kinase that plays a causal role in many breast cancers, influences mammary ductal morphogenesis. Specifically, TEB defects and delays in ductal penetration are seen when mammary glands isolated from ErbB2-null embryos that have been genetically rescued by a cardiac muscle-targeted ErbB2 transgene are transplanted to cleared wild-type fat pads (Jackson-Fisher et al., 2004) as well as after the selective ablation of ErbB2 in mammary epithelial cells (Andrechek et al., 2005) . Thus, both studies indicate that ErbB2 is required in the epithelium for normal ductal development to occur. However, ErbB2 exerts its signaling activity not after binding a ligand of its own, as it has none, but after heterodimerizing with another ligand-bound ErbB receptor. This raises the question of which other ErbB receptor interacts with epithelial ErbB2 during mammary development. However, epithelial Egfr and ErbB4 are expendable during ductal development and ErbB3 is only weakly expressed in the developing gland (Sebastian et al., 1998; Tidcombe et al., 2003; Sternlicht et al., 2005) . Therefore, it is unclear how ErbB2 regulates ductal development or whether epithelial EgfrErbB2 heterodimers participate in ways that have not yet been explicitly addressed.
Unlike Egfr and ErbB2, ErbB4 only appears to influence lobuloalveolar development. For instance, mice that express a mammary-targeted dominant-negative ErbB4 or that lack the ErbB4 ligand, neuregulin-1α exhibit normal ductal development, but impaired alveolar development (Jones et al., 1999; Li et al., 2002) . Likewise, ErbB4-null mice that have been rescued from lethality by a cardiac myosin promoter-driven ErbB4 transgene exhibit alveolar defects during pregnancy and lactation (Tidcombe et al., 2003) . Surprisingly, however, the timing of their post-pubertal ductal development often actually surpasses that of their wildtype siblings. One possible explanation for their accelerated ductal morphogenesis is that in the absence of ErbB4, additional Egfr may be freed up to concentrate on its task of promoting ductal development.
Regulators of duct and TEB morphology
Although it is reasonable to expect that mechanisms that affect the morphology of TEBs and ducts should also affect their branching and elongation, this may not always be soff Netrin-1, which acts as a diffusible attractant and repellent during neuronal guidance, is also secreted by the inner body cells of mammary TEBs, while its receptor, neogenin, is expressed on adjacent outer cap cells (Srinivasan et al., 2003) . Absence of either netrin-1 or neogenin causes a dissociation of the cap and body cell compartments and inappropriate migration of cap cells into the pre-lumenal body cell compartment. Moreover, neogenin mediates netrin-dependent cell clustering in culture, further indicating that netrin-neogenin interactions stabilize the cap cell layer and mediate its adhesion to body cells. Nevertheless, absence of either netrin-1 or neogenin has no effect on overall branching, suggesting that ductal development and TEB morphology may not depend on one another in this setting (L. Hinck, University College of Santa Cruz, personal communication). It may also mean, however, that other adhesive molecules compensate for the absence of netrin and negenin outside of the TEBs.
Hedgehog signaling, which is elicited by the binding of Indian, Sonic, or Desert hedgehog to cell surface patched receptors, can influence many of the signaling pathways that appear to regulate mammary branching, including Fgf, Wnt, Notch, Tgfβ, and PTHrP pathways (Lewis, 2001) . Interestingly, Fgf10 is up-regulated in the lung mesenchyme of mice lacking Sonic hedgehog, yet despite its up-regulation, the developing lungs fail to branch beyond the primary bud stage (Pepicelli et al., 1998) . Likewise, comparable interactions have been seen during brain and limb bud development (Ohkubo et al., 2002) . Moreover, sonic hedgehog supplementation augments the branching of salivary gland organ cultures, whereas a steroidal alkaloid (cyclopamine) that specifically inhibits sonic hedgehog signaling suppresses their branching (Jaskoll et al., 2004) . On the other hand, mammary transplants that lack Indian or Sonic hedgehog branch normally in cleared wild-type fat pads, thus indicating that neither ligand alone is essential within the epithelium. However, conditional haploinsufficiency of their receptor, Patched-1, causes defects in duct and TEB histology that disappear following transplantation to wild-type fat pads, suggesting that Patched-1 is required, but only within the stroma. Still, the overall branching pattern of Patched-1 heterozygous glands is unaffected.
Moreover, transplants lacking Gli2, a transcription factor that lies downstream of Patched, also display normal ductal branching despite their abnormal intra-ductal morphology, again suggesting that ductal patterning and ductal morphology may not be entirely interdependent.
Conversely, some molecules, such as ErbB2, do appear to influence both duct morphology and branching (Jackson-Fisher et al., 2004) . For example, the cell surface morphogen, epimorphin, is required for growth factor-induced branching of organotypic mammary cultures and affects ductal diameter when it is provided in an apolar manner in culture or as a mammarytargeted transgene in vivo (Radisky et al., 2003) . The metalloproteinase-dependent release of epimorphin from stromal fibroblasts appears to be required for epimorphin to promote the branching of mammary epithelial cells, although myoepithelial epimorphin could still act in a juxtacrine manner without being shed. As a downstream consequence, epimorphin stimulates the expression of MMP2 and MMP3, both of which are also required for proper mammary branching. In addition, epimorphin induces expression of the transcription factor C/EBPβ-which is also required for mammary morphogenesis-and increases the relative expression of the shorter of two C/EBPβ isoforms. Indeed, experimental manipulation of the relative expression of these two isoforms in the absence of epimorphin signaling has the same morphogenic effect in culture as epimorphin itself, suggesting that C/EBPβ acts downstream of epimorphin.
Another fundamental aspect of the development of any organ or tissue is the specification of its constituent cell types from multipotent stem and progenitor cells, as well as their subsequent maintenance. Initial cell fate decisions are determined in part by hierarchical networks of transcription factors, yet it is unclear whether these factors also contribute to the maintenance of an established cell fate. What then are the constituent cell types of the mammary gland? What determines their fate? And how do they persist as such? Mammary ducts and alveoli contain two principal cell types: inner (luminal) epithelial cells that produce milk, and outer (basal) myoepithelial cells that contract in response to oxytocin to promote milk ejection during suckling. These two cell types arise from a recently characterized mammary stem cell that can regenerate an entire mammary gland from a single cell Stingl et al., 2006) . As regards their maintenance, our own data indicate that the transcription factor Gata3 plays a pivotal role in maintaining the luminal cell fate (H. Kouros-Mehr and Z. Werb, unpublished results). Notably, GATA transcription factors-so named for binding (A/T) GATA(A/G) DNA sequences-have also been shown to specify erythroid and myeloid cell fates (Patient and McGhee, 2002) . In the mammary gland, Gata3 is highly and exclusively expressed in the body cells of invading TEBs and the luminal cells of nascent and mature ducts. Moreover, early mammary glandspecific (i.e., MMTV-Cre-mediated) ablation of Gata3 results in an absence of TEB formation at puberty and in severe defects in ductal outgrowth. This indicates that Gata3 is essential for post-pubertal development. Moreover, its late (i.e., WAPrtTA-Cre, doxycycline-induced) deletion in adult mammary glands leads to acute expansion of an undifferentiated luminal cell population followed by cellular detachment from the basement membrane and caspase-mediated cell death. These results further suggest that Gata3 is crucial for maintaining luminal cell differentiation in mature ducts. In addition, its requirement for proper TEB and duct development suggests that Gata3 may also function to drive luminal differentiation in the first place. All these findings raise new questions concerning the mechanisms that control Gata3 and what critical target genes are activated or repressed by it.
Macrophage-and eosinophil-derived signals
Of the various stromal cells that affect mammary ductal elongation and branching, macrophages and eosinophils are particularly important (Gouon-Evans et al., 2002) . Macrophage recruitment to the stroma surrounding TEBs is severely impaired in myelosuppressed (γ-irradiated) mice and in mice that lack macrophage colony-stimulating factor 1 (Csf1) or its receptor (c-fms). As a presumed consequence of their absence, TEB formation and adolescent ductal outgrowth are also severely impaired. On the other hand, macrophage recruitment, TEB formation and ductal development are rescued by bone marrow transplantation in irradiated mice and by the administration of exogenous Csf1 or the expression of a mammary-targeted Csf1 transgene in Csf1-null mice. Thus, the essential effects of Csf1 on macrophage behavior are local rather than systemic. Indeed, in the developing gland, ductal cells produce Csf1, whereas c-fms is exclusively expressed on macrophages. Nevertheless, it remains unclear precisely how macrophages influence ductal developmentthat is, whether it is their phagocytic, trophic, angiogenic or extracellular matrix (ECM) remodeling activities that are important.
In the case of eosinophils, their recruitment to the TEB stroma coincides with the local upregulation of their chemoattractant eotaxin, which is in turn recognized by their Ccr3 receptor (Gouon-Evans et al., 2002) . Indeed, such recruitment is severely diminished in eotaxindeficient mice, as is ductal branching, but not ductal elongation. On the other hand, absence of the eosinophil chemotactic factor interleukin-5 causes a deficiency in circulating eosinophils, but has no effect on the number of mammary eosinophils, nor does it affect mammary development, further supporting the importance of eotaxin as a local chemoattractant for eosinophils during mammary development. Although it is not entirely clear how eosinophils promote ductal branching, mammary eosinophils secrete the chemokine C10, which appears to further enhance macrophage recruitment. Thus, eosinophils and macrophages may collaborate with one another to bring about proper ductal morphogenesis.
Negative regulators of branching morphogenesis
Although controls against precocious, accelerated or excess branching undoubtedly exist, a full understanding of their individual importance is difficult to obtain in the face of redundant or even unrelated mechanisms. For example, the endogenous MMP inhibitor Timp1 defies ductal development in a gain-of-function setting, yet its absence has little or no effect on branching in a loss-of-function setting (Wiseman et al., 2003) . Thus, it is unclear whether Timp1 is truly involved or compensated for by other Timps, as other constraints as basic as limits on the rate of cell division undoubtedly continue to exert their own rate-limiting effects. Thus, just as a car that loses its brakes does not necessarily speed up, the loss of a bona fide negative regulator of mammary development may not reveal itself in the face of other ratelimiting factors.
Nevertheless, each of the branching agonists outlined in this review have their own negative regulators, some of which might accelerate branching morphogenesis if lost. And, indeed, some examples of accelerated ductal development following gene inactivation have been seen-the most notable examples being the effects of deleting Tgfβ1 and Sprouty2 (Spry2). The Drosophila Spry gene was initially discovered in a genetic screen for mutations that affect tracheal branching. In this case, Spry mutant flies were identified because they "sprouted" extra secondary tracheal branches, and it was later determined that this was because Spry normally inhibits Btl/Fgfr signaling within the tracheal epithelium in a cell-autonomous manner (Kim and Bar-Sagi, 2004) . Thus, in its absence, the so-called "lead cells" of the primary tracheal branches received essentially unrestrained Bnl-Btl (Fgf-Fgfr) stimulation and, as a result, formed ectopic secondary sprouts. Moreover, consistent with the role of Bnl-Btl signals in specifying which particular cell of a primary branch becomes the lead cell, Spry mutant cells were more apt to adopt the lead cell fate than their neighboring wild-type cells in a mosaic setting (Ghabrial and Krasnow, 2006) .
Significantly, Spry and its four vertebrate homologs are not specific Fgfr antagonists. Rather, they can also inhibit Egfr signaling and presumably the activity of other receptor tyrosine kinases as well (Kim and Bar-Sagi, 2004) . Thus, it is hardly surprising that murine Spry genes have been implicated in the branching morphogenesis of organs other than the fly tracheal system. Mice lacking Spry1, for instance, develop polycystic kidneys due to the formation of ectopic ureteric buds-a phenotype comparable with that seen with excess Gdnf-Ret signaling (Basson et al., 2005) . So, if Spry1 normally acts to constrain Gdnf-Ret signaling during ureteric bud formation, then the artificial down-regulation of Ret activity should negate the effects of Spry1 loss. And indeed, the genetic down-regulation of Gdnf-Ret signaling afforded by ablating a single Gdnf allele-thus lowering the overall Gdnf dosage-rescues the renal phenotype of Spry1-deficient mice. Moreover, Spry1 inhibits the formation of ectopic renal tubular branches at later stages of kidney development, presumably in the same way-that is, by inhibiting Gdnf-Ret signaling (M.A. Basson and J.D. Licht, Mount Sinai School of Medicine, personal communication). Likewise, Spry2, which is specifically expressed at the distal tips of branching epithelial lung buds, appears to negatively control lung branching morphogenesis. Its antisense down-regulation stimulates lung branching, whereas a gain of Spry2 function has exactly the opposite effect and instead defies branching (Tefft et al., 1999; Mailleux et al., 2001 ). In the mammary gland, increased ductal invasion occurs when Spry2 is inactivated in the epithelium, suggesting its possible importance in controlling Fgfr2 or perhaps Igfr1 signaling (Lu et al., 2005) . Still, it is not yet known which receptor tyrosine kinase pathway is affected in lung development, nor is it entirely clear how Spry genes affect mammary branching.
Considerable evidence also indicates that Tgfβ1-which is regulated by ovarian hormonesacts as a key negative regulator of mammary branching by limiting epithelial proliferation and by stimulating ECM production (Daniel et al., 1996; Ewan et al., 2002) . Indeed, Tgfβ inhibits the branching of both lung and kidney cultures (Serra et al., 1994; Bush et al., 2004) . Therefore, epithelial-generated Tgfβ gradients may dictate where adjacent branches form. That is, by keeping adjacent branches apart, Tgfβ may generate and maintain an open branched architecture that leaves space for other functional structures, such as salivary acini or pulmonary alveoli, to develop. So, is this the case in the mammary gland? Consider what happens when Tgfβ signaling is altered in vivo In gain-of-function experiments, mammarytargeted overexpression of activated Tgfβ1 slows ductal development, resulting in the formation of a hypomorphic mammary tree, while slow-release Tgfβ1 implants locally inhibit epithelial cell proliferation, TEB formation and ductal elongation. Conversely, heterozygous Tgfβ1-deficient mice, which have <10% of normal Tgfβ1 levels due to an absence of positive feedback, exhibit two to four times more ductal proliferation than normal, 15-fold more proliferation in response to exogenous ovarian hormones, and significantly accelerated but morphologically normal ductal development. In addition, the Tgfβ1 heterozygous glands exhibit accelerated outgrowth in wild-type fat pads, indicating that the growth inhibitory effects of Tgfβ1 are epithelial in origin. Nevertheless, these effects appear to be carried out through both autocrine feedback mechanisms and paracrine interactions that may involve stromal type II Tgfβ receptors (TgfβRII) and reciprocal stromal responses. Indeed, as in Tgfβ1 haploinsufficient mice, mammary side-branching is accelerated when stromal TgfβRII function is blocked by expressing a dominant-negative TgfβRII transgene in the stroma under the zinc sulfate-inducible metallothionine promoter (Joseph et al., 1999; Crowley et al., 2005) or by conditionally ablating the TgfβRII gene in stromal fibroblasts (Cheng et al., 2005) .
Thus, Tgfβ1 may aid in the maintenance of proper ductal spacing by enabling adjacent ducts to avoid one another. But how? As to this question, there are at least four distinct-though not necessarily mutually exclusive-possibilities. Epithelial Tgfβ may act as an autocrine inhibitor that (1) suppresses the expression of an epithelial protein that promotes ductal development or that (2) induces the expression of another inhibitor. By the same token, Tgfβ may act in a paracrine manner to (3) induce the production of a stromal antagonist to ductal development or (4) inhibit the expression of a stromal agonist. For instance, Tgfβ1 suppresses Fgf10 expression in fibroblast, lung, and prostate cultures (Beer et al., 1997; Lebeche et al., 1999; Tomlinson et al., 2004) . It also down-regulates MMP3 expression, which would tend to inhibit secondary side-branching without affecting ductal elongation. In contrast, Tgfβ1 up-regulates MMP2 expression, which would foster ductal elongation and thus increase the distance between secondary branch-points (Sternlicht and Werb, 2001; Wiseman et al., 2003) . In addition, Tgfβ1 is known to induce the production and remodeling of numerous ECM components in the mammary gland and elsewhere, including fibronectin and several collagens (Silberstein et al., 1990) . And this too could influence mammary development, as we now discuss.
ECM-mediated effects
The dated notion that the ECM acts as a mere barrier or foundation for cells has been revised to reflect the fact that the ECM also conveys its own contextual information and that it actively rather than passively affects cell behavior (Lukashev and Werb, 1998) . Indeed, virtually all aspects of cell behavior (and misbehavior)-their shape, polarity, organization, motility, invasion, growth, differentiation, and survival, for instance-can be influenced by ECMderived signals. In general, ECM components affect cell behavior by acting as fixed ligands for adhesion molecules, such as integrins, that transduce ECM-derived signals to the cytoskeletal machinery and cell interior, as well as by sequestering other signaling molecules, such as growth factors and their binding proteins. Indeed, if the ECM influences cell behavior, and adhesion molecules transmit its cues to the cell interior, then adhesion molecules must lie at the very nexus of how the structural environment affects cell behavior. By extension, enzymes that remodel the ECM can also affect cell behavior by altering the content and organization of the ECM-associated information a cell sees. For instance, ECM-degrading MMPs appear to play a path-clearing role during branching morphogenesis as well as an indirect cell signaling role that may reflect their ability to alter ECM inputs, generate bioactive ECM fragments, and/or release ECM-bound growth factors (Sternlicht and Werb, 2001; Ortega and Werb, 2002; Fata et al., 2004) . Indeed, ECM remodeling can alter existing ECM signals and remove physical barriers that might otherwise defy ductal branching and elongation. ECM remodeling can also unmask hidden structural cues, such as cryptic integrin-binding sites on fibrillar collagens, a bioactive laminin-5 fragment that promotes epithelial motility, or the antiangiogenic fragments tumstatin and endostatin from collagens IV and XVIII, respectively. And ECM remodeling can release ECM-sequestered signaling molecules, such as Areg, Fgfs, Wnts, and Tgfβ, each of which have been shown to influence branching morphogenesis. In addition, spatial differences in ECM deposition rather than ECM degradation may elicit transitions between different modes of adhesion that, in turn, influence ductal branch-point selection and patterning. For instance, localized fibronectin deposition is required for cleft formation in salivary gland cultures and is associated with a switch from Ecadherin-mediated (cell-cell) adhesion to α 5 β 1 integrin-mediated (cell-matrix) adhesion, a transition that may, in effect, stabilize the points at which bifurcation takes place (Sakai et al., 2003) .
It is not surprising, therefore, that the ECM, its receptors and its remodeling enzymes affect branching morphogenesis (Fata et al., 2004) . However, because multiple ECM receptors may be involved, the genetic ablation of a single receptor may have subtle or completely hidden rather than severe consequences. Nevertheless, the absence of discoidin domain receptor-1 (Ddr1), a tyrosine kinase receptor that elicits signals upon binding fibrillar collagens, results in delayed and abnormal mammary development (Vogel et al., 2001 ). This suggests that fibrillar collagens provide more than just structural support, and may partly explain the delayed mammary branching seen in mice that are treated with MMP inhibitors, that lack the collagenolytic enzymes MMP2 or MMP14, or that express cleavage-resistant or mutant type I collagen (M. Egeblad, M.D. Sternlicht, B.S. Wiseman and Z. Werb, unpublished results ). Yet another role for MMP14 that appears to involve collagen degradation and that may impact mammary development is its regulation of the 3-D organization of white adipose tissue, which is precisely the type of stroma within which the murine mammary gland resides (Chun et al., 2006) . Several lines of evidence also support a role for integrin-mediated signaling in mammary morphogenesis. However, the data also remain somewhat conflicted. Mice that lack integrin α 2 β 1 collagen/laminin receptors due to the genetic deletion of α 2 integrin exhibit diminished, but otherwise normal, mammary branching and are entirely able to nurse their pups (Chen et al., 2002) . Similarly, antibodies against β 1 integrin cause diminished ductal elongation, as do antibodies against the γ 1 chain found in several laminins, which in turn are the main ECM ligands for β 1 integrins (Klinowska et al., 1999) . However, these defects are far milder than those that occur when α 2 β 1 integrin function is blocked or absent in culture. Likewise, α 3 , α 6 , and β 4 integrins can affect branching in culture, but are entirely dispensable in vivo (Klinowska et al., 2001) . Moreover, the mammary-targeted conditional deletion of all β 1 integrins has no overt effect on mammary development (White et al., 2004) . Although this latter result may reflect selective pressures that favor the development of non-recombined wild-type cells or their non-cell-autonomous rescue of null cells, it may also reflect the existence of redundant or compensatory interactions. Indeed, overexpression of another laminin receptor, β-1,4-galactosyltransferase, elicits abnormal and diminished mammary development (Hathaway and Shur, 1996) , and yet another laminin receptor, dystroglycan, has been shown to regulate cell polarity in cultured mammary epithelial cells (Muschler et al., 2002) . Thus these non-integrin receptors may also participate and may mitigate the effects of losing β 1 integrin.
Another aspect of ductal development that depends, in part, on the matrix microenvironment is lumen formation-the assembly of hollow polarized cysts (alveoli) and tubes (ducts). In the developing mammary gland, the leading portion of the TEB is largely a lumen-less structure covered by a cap cell layer and filled by so-called body cells, whereas the trailing ducts are essentially hollow bi-layered tubes. The process of lumen formation for any epithelial cyst or tube appears to be driven in part by an intrinsic program wherein adherent epithelial cells seek to establish basal, lateral and free apical surfaces via cell-cell, cell-matrix, and corresponding cytoskeletal interactions (O'Brien et al., 2002) . In addition, canalization of the lumen may involve anti-adhesive mechanisms that promote the separation of otherwise apposed membranes and the removal of unwanted pre-luminal body cells by apoptosis or autophagy. There is absolutely no evidence, however, that single cell protrusions or discontinuities occur as mam-mary branches form. If anything, early time-lapse images suggest that the cells of mammary TEBs undergo considerable movement relative to one another, but that they bulge or expand outward as an otherwise cohesive mass as they branch and elongate (Williams and Daniel, 1983) . In addition, the tunneling process that continuously follows the invading TEBs appears to involve the clearance of centrally located body cells by apoptosis. Thus the formation of mammary ducts appears to involve both continuous sheet-like budding and the apoptotic removal of pre-luminal cells rather than any of the other mechanisms by which tubular structures are thought to develop (O'Brien et al., 2002; Lubarsky and Krasnow, 2003) .
However they form, mammary ducts end up as bilayered tubes composed of inner luminal epithelial cells surrounded by myoepithelial cells, which are in turn surrounded by an extracellular basement membrane. Although myoepithelial cells are best known for promoting oxytocin-induced milk ejection by virtue of their contractile activity, they are also the cells that actually contact the basement membrane directly and are required to produce many of its components, including laminins. Thus myoepithelial cells are ideally situated to transmit structural morphogenetic cues from the basement membrane to the luminal epithelia. Indeed, isolated luminal epithelial cells (which do not synthesize their own basement membranes) fail to form properly polarized hollow spheres when they are cultured in type I collagen gels, and instead form solid lumen-less structures with inverse polarity. However, if myoepithelial cells are also added, they do form correctly polarized, hollow, bi-layered acinar-like structures (Gudjonsson et al., 2002) . Furthermore, laminin-1 or minor amounts of reconstituted lamininrich basement membrane are also able to rescue the polarity of pure luminal cell cultures, despite the absence of myoepithelial cells, whereas laminins 5 and 10/11 are unable to do soff In addition, the proper positioning of luminal and myoepithelial cells is blocked by peptides that interfere with desmosomal cell-cell interactions (Runswick et al., 2001) . Thus myoepithelial cells, their desmosomal adhesion to adjacent luminal cells, and the basement membrane components they produce (in particular laminin-1) appear to act as key mediators in establishing proper duct polarity and lumen formation.
Perspectives
Many tissues undergo branching morphogenesis and there are clear differences in how branching proceeds in each setting. Nevertheless, many of the basic mechanisms that control branching in one situation are likely to be evolutionarily conserved among all branched organs and organisms. Indeed, many mechanistic similarities have been seen in comparative analyses of diverse branched tissues and in organisms as different from one another as flies and mice (Affolter et al., 2003) . However, these organs also clearly differ from one another. Thus there must also be unique tissue-and species-specific mechanisms that elicit their obvious differences in form and function. The challenge, of course, is to characterize and decipher these ubiquitous and unique mechanisms. In addition, various modes of branching within any given systemthe primary, secondary, and tertiary branching of mammary ducts, for instance-appear to utilize distinct mechanisms both in terms of the cues that initiate and orchestrate each process and in terms of the cellular events that distinguish one mode from another-for example, primary TEB bifurcation from secondary or tertiary side-branching. Nevertheless, despite considerable headway, our understanding of the cues that pass back and forth between neighboring cells, their over-riding systemic regulation, and the role of the stromal microenvironment remains largely incomplete, thus leaving the field ripe for further progress.
Certain aspects of mammary branching-the consequences of cell movements and neighborneighbor rearrangements, for instance, or the relative contribution of the leading edge of the TEB versus any other portion of the TEB or duct to branch point formation and duct advancement-seem poised to yield intriguing new insights. Indeed, such paths of inquiry are now particularly accessible given recent advances in a host of complimentary approaches, from the mapping of cell fates by prolonged intra-vital and culture-based timelapse imaging of lineage-specific reporters to the inducible and conditional ablation of putative regulatory genes in specific cell types to assess their impact. Other facets, however, may require more creative strategies owing to their inherent complexity-such as determining what multi-pathway signaling molecules, such as MAPK, do in vivo and how they distinguish between various intersecting pathways; or determining, for instance, how a single pleiotropic factor contributes to one process if it affects many other confounding processes from guidance to survival; or resolving what negative regulators do if they have redundant, compensatory or entirely unrelated rate-limiting factors that make it difficult to determination if they are even involved in the first place, let alone how they function. There are, of course, two sides to this dilemma: the purely conceptual problem that complex systems pose to unraveling the role of an otherwise non-essential participant for the sake of scientific insight alone, versus the evolutionary advantages they provide to ensure proper development of the organ or organism itself. Nevertheless, the same basic processes, from proliferation to invasion, that occur during normal mammary development also occur during various disease states, and most of the pathways that influence normal branching morphogenesis have also been associated, in one way or another, with the onset or evolution of cancer. Thus a better understanding of the mechanisms that control mammary branching per se should provide important new insight into additional processes, both normal and otherwise. Murine terminal end bud (TEB) and duct morphology. (A) High-magnification carmine alumstained whole mount of a TEB that has recently bifurcated to form two new primary ducts. Two new secondary side-branches are also present along the trailing duct (open arrowhead), as is an area of increased cellularity that may represent a nascent lateral bud (closed arrowhead). Increased stromal cellularity is apparent around the bifurcating TEB. Scale bar: 200 µm. (B) Hematoxylin and eosin-stained section of a bifurcating TEB with an early lateral side-branch (closed arrowhead). Scale bar: 100 µm. (Image courtesy of A.J. Ewald, UCSF) (C) Schematic diagram depicting the major features of a bifurcating TEB. Notable features include the considerable proliferative activity (mitoses) within the TEBs, the single layer of TEB cap cells and multilayered pre-luminal body cells, the characteristic presence of a fibroblast-and collagen-rich stromal collar surrounding the neck of the bifurcating TEB, and its conspicuous absence beyond the invading distal cap of each new TEB. An increased number of macrophages and eosinophils is also shown. Although there is no evidence that normal ductal cells ever cross the basal lamina, thinning of the basement membrane (dashed lines) at the leading edge of the invading ducts may reflect partial enzymatic degradation and/or incomplete de novo synthesis of the basal lamina. Provisional model depicting some of the key endocrine and paracrine pathways involved in mammary branching morphogenesis. Solid arrows indicate interactions that influence mammary branching, whereas hashed lines indicate putative interconnections between known signaling cascades or indirect interactions for which signaling intermediates (e.g., mitogenactivated protein kinase) have not yet been determined.
